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In order to elucidate the onset mechanisms of hair
regrowth, we characterized the expression of metas-
tasis and cell-growth-associated calcium-binding
S100 proteins in the regenerating follicular epithe-
lium. Hair-cycle-dependent expression of S100A4
and S100A6 was found in the epithelial sac regions
(bulge area and hair germ) of mouse pelage follicles.
Protein localization of S100A4 was con®ned to the
bulge area, the region where the presumed follicular
stem cells reside, during the catagen±telogen±anagen
transitional periods, whereas S100A6 protein was dis-
tributed throughout the epithelial sac regions during
anagen phase. Prior to entering anagen phase, how-
ever, both S100 mRNAs were upregulated in the
epithelial sac. Despite the induction of extensive cell
death in the bulge region after plucking, a new hair
cycle was initiated following transcription of S100A6
in the hair germ. Upon wounding stimuli, both the
outer root sheath and the basal layer of epidermis
expressed S100A6 mRNA prior to hyper-prolifer-
ation. Once the epithelial sac was induced to tran-
scribe both S100 genes, resting follicles were
concomitantly rejuvenated. These results suggest that
S100A4 and S100A6 might play important roles in
the activation of stem cells at the onset of follicle
regeneration. Key words: bulge area/ hair germ/ stem
cell/ S100 protein. J Invest Dermatol 116:956±963, 2001
T
he hair follicle cycle is an excellent system to examine
continual organogenesis in adult mammals. Hair
regeneration results from complex tissue remodeling
mechanisms largely affected by epithelial±mesenchy-
mal interactions. Once the hair follicle has been
established during embryogenesis, the upper epithelial portion (i.e.,
permanent portion) and dermal papilla are retained and re-utilized
throughout postnatal life, whereas the lower epithelial portion (i.e.,
cycling portion) is reformed in a cyclical manner (reviewed by Paus
and Cotsarelis, 1999).
One of the most enigmatic problems in hair regeneration is the
elucidation of the inductive mechanism(s) required for follicle
reformation. The resting hair follicle consists of a bilayered
epithelial sac surrounding the club hair (Parakkal, 1990). The
bulge area, located just below the sebaceous gland during the
growing phase, becomes indistinguishable from the outer layer of
the sac, continuous with the sebaceous gland during the resting
phase. The hair germ is composed of small and tightly compacted
cells located beneath the club hair. The resting follicle is thought to
enter the anagen phase as a consequence of inductive and
permissive signaling between epithelial and mesenchymal tissues.
Cotsarelis et al (1990) initially reported that slow cycling
follicular stem cells were located in well-protected bulge regions
of the permanent epithelial portion, and proposed the bulge-
activation hypothesis for hair regeneration as illustrated in Fig 1(a)
(reviewed by Lavker et al, 1993). Following a transient proliferation
of cells residing in the bulge region (Wilson et al, 1994), the label-
retaining bulge cells were shown to migrate into the lower follicles
during the spontaneous early anagen phase (Taylor et al, 2000). In
contrast, Morris and Potten (1999) reported that no label-retaining
cells migrate into the hair germ of early anagen follicles induced by
plucking. As depicted in Fig 1(b), the hair germ plays an important
role in initiating the anagen phase, whereas the bulge cells do not
migrate into the hair germ. Although these two scenarios appear
incompatible, this discrepancy might result from different experi-
mental methodologies (e.g., induced versus spontaneous follicular
regeneration).
Characterization of the follicular epithelium, particularly during
regeneration, is essential to fully understand the follicle renewal
system and strict underlying regulation of keratinocyte prolifer-
ation, differentiation, and apoptosis. The response of the follicular
epithelium to inductive signals has not been well documented,
however.
S100 proteins constitute the largest subfamily (19 members
including pro®laggrin, trichohyalin, and repetin subgroups) in the
EF-hand type calcium-binding protein superfamily. Some members
have been implicated in the Ca2+- as well as the Zn2+- or Cu2+-
dependent regulation of a variety of cellular events, and are known
to be expressed in a tissue-speci®c manner (reviewed by Heizmann
and Cox, 1998). S100A genes are clustered on human chromosome
1q21 and constitute the epidermal differentiation complex with
loricrin, involucrin, and small proline-rich proteins (South et al,
1999). We previously reported that the genomic organization of
S100A3, S100A4, and S100A6 is conserved on mouse chromosome
3 (Kizawa et al, 1998). S100A3 and S100A6 were complementarily
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expressed in differentiated epithelial matrix daughter cells of the
anagen hair follicle.
Regarding the association of S100 genes with metastasis and cell
proliferation of epithelium, S100A4 and S100A6 have been
implicated in skin tumorigenesis of several epithelial carcinomas
(Shrestha et al, 1998). In addition, S100A6 has been linked with
corneal wound healing and renal restoration (Bazan et al, 1992;
Lewington et al, 1997). Considering that the activation of follicular
stem cells is a crucial event in hair follicle regeneration, we are
interested in the potential role of S100 genes during hair cycle
transitional stages.
In this study, we examined expression levels of S100A4 and
S100A6 genes in murine skin tissues bearing pelage follicles.
Delineated in situ pro®les offer substantial insight into the function
of S100 genes and their roles in hair follicle rejuvenation.
Comparative analysis of various follicle induction stimuli also
addresses important issues concerning the elaboration of epithelial
stem cell daughters. We demonstrate that the bulge region is
normally involved in, but not essential for, the onset of anagen
phase, and that the epithelial permanent portion appears to play an
initiative role in follicle renewal.
MATERIALS AND METHODS
Animal treatments and tissue preparation Tissues were excised
from mouse embryos and newborn ICR mice (Charles River,
Yokohama, Japan). Pelage follicle tissues during morphogenesis, the ®rst
hair cycle transitional period, and the second telogen phase were
obtained at 16.5 d postcoitum (dpc), 18±24 d postpartum (dpp), and 56
dpp, respectively. All hair cycle inductive treatments were made during
the second telogen phase. Arti®cial depilation was performed either by
clipping club hair with an electronic shaver or by plucking using a
mixture of wax and rosin (Paus et al, 1990). Full-thickness incisions were
made with a 1.5 mm punch biopsy. Dorsal skin tissues were excised at
various times after treatments. For nuclear pulse labeling experiments,
mice were administered 5-bromo-3¢-deoxyuridine (BrdU)
intraperitoneally (20 mg per kg) 90 min prior to skin excision. Excised
tissues were ®xed in 4% paraformaldehyde for 16 h, and embedded in
paraf®n. Sections cut to 6 mm thickness were subjected to the following
in situ assays.
Antibody production The peptide antigens were synthesized
according to predicted partial antigenic sequences for S100A4 (a.a. 39±
57, TRELPSFLGKRTDEAAFQK) and for S100A6 (a.a. 17±36,
HKYSGKEGDKHTLSKKELKE). Rabbits were immunized with each
antigen as previously described (Kizawa et al, 1996). Resultant antiserums
were puri®ed on the antigen bound af®nity columns (Af®-Prep 10, Bio-
Rad, Hercules, CA).
Northern and western blot analyses Total RNA extraction from
mouse dorsal skin tissue and northern blot analyses were performed
under the same conditions as previously described (Kizawa et al, 1998).
Blots were hybridized with digoxigenin-labeled cRNA probes for mouse
S100A4 and S100A6.
For protein extraction, skin tissues were lyzed in cold 50 mM Tris-
HCl buffer containing 1% Triton X-100, 150 mM NaCl, 1 mM
ethylene glycol-bis (b-aminoethyl ether) N,N,N¢,N¢-tetraacetic acid, and
1 mM phenylmethylsulfonyl ¯uoride (pH 7.5). Protein concentrations
were determined by a bicinchoninic acid method (Smith et al, 1985).
After extracts in sample buffer containing 150 mM dithiothreitol were
incubated at 90°C for 5 min, the protein extract was size-separated on a
16.5% Tricine±sodium dodecyl sulfate±polyacrylamide gel (SchaÈgger and
von Jagow, 1989). The electro-transferred membrane was incubated with
either anti-S100A4 or S100A6 antibody (1 mg per ml) at 4°C for 16 h,
and then bound antibodies were detected as previously described (Inoue
et al, 2000).
Immunohistochemisry Af®nity puri®ed antibodies (1 mg per ml)
were incubated at room temperature for 30 min on each pretreated skin
section as previously described (Kizawa et al, 1998). Bound antibodies
were reacted with biotinyl goat antirabbit IgG antibody and avidin±
biotin peroxidase complex (Vector Laboratory, Burlingame, CA). After
®nal visualization with diaminobenzidine, the sections were
counterstained with hematoxylin.
In situ hybridization Pre-treated sections were hybridized with
digoxigenin-labeled cRNA probes to either mouse S100A4 or S100A6 as
previously described (Kizawa et al, 1998). Following incubation with
alkaline phosphatase conjugated Fab fragments of an antidigoxigenin goat
antibody (Boehringer Mannheim), probes were visualized using
5-bromo-4-chloro-indoyl phosphate and nitroblue tetrazolium.
Combined BrdU immunohistochemistry/in situ hybridiza-
tion For tissue sections excised from BrdU-administered mice,
combined BrdU immunohistochemistry and in situ tissue hybridization
was performed as previously described (Biffo et al, 1992) with the
following modi®cations. Once the ®nal in situ hybridization visualization
step was complete, tissue sections were placed in distilled water and
treated with 2 M HCl for 1 h at 37°C for partial denaturation of nuclear
DNA. Tissue sections were incubated in 0.1 M Na2B4O7 for 5 min to
neutralize the tissues, followed by three washes in 1 3 phosphate-
buffered saline for 5 min each. BrdU-incorporated nuclei were reacted
with monoclonal rat anti-BrdU antibody (Harlan Sera-Laboratory,
Loughborough, U.K.). Finally, immuno-detection was performed using
biotinyl rabbit antirat IgG antibody and the avidin±biotin peroxidase
complex method.
Detection of apoptotic cell death The terminal deoxynucleotide
transferase deoxyuridine triphosphate ¯uorescein nick end labeling
method (TUNEL) was used for evaluation of apoptotic cells. The
TUNEL reaction was carried out utilizing an in situ cell death detection
kit (Boehringer Mannheim) according to the supplier's manual.
Apoptotic cells were detected using a ¯uorescence microscope.
RESULTS
Transcription and translation products of S100 genes A4 and
A6 in skin We analyzed mouse S100A4 and S100A6 mRNAs
in the skin hair follicle through northern blot analyses. As shown in
Fig 2(a), both cRNA probes hybridized with each single band of
total RNA extract from the telogen skin tissue. The mRNA sizes
were consistent with those of isolated S100A4 (0.45 kb) and
S100A6 (0.4 kb) cDNA clones.
To perform western blot analyses of the whole skin extract, we
generated anti-S100A4 and anti-S100A6 speci®c antibodies
(Fig 2b). Anti-S100A4 antibody detected the 11.5 kDa band
corresponding to the calculated molecular mass of S100A4
(11,721 Da), but predominantly recognized a 23 kDa band
corresponding to possible dimers. A similar banding pattern of
dithiothreitol-resistant dimeric forms has been reported (Pedrocchi
et al, 1994; Grigorian et al, 1996). Our result demonstrated that
most S100A4 protein forms a stable dimer in the skin tissue.
Consistent with the calculated molecular mass of S100A6 protein
(10,051 Da), immunoblot analysis using anti-S100A6 antibody
Figure 1. Schematic illustrations of two proposed scenarios for
hair follicle regeneration in a telogen follicle. (a) Onset by bulge
activation. Signals from the dermal papilla induce the bulge cells residing
in the outer layer of the epithelial sac to give rise to transit-amplifying
cells. Bulge daughter cells undergo mitosis as they migrate down the hair
germ prior to entering the growing phase. (b) Onset by hair germ
activation. Inductive signals from the dermal papilla are transmitted
directly to the resting hair germ. Consequently, transit-amplifying cells
are conceived in the hair germ. DP, dermal papilla; SG, sebaceous gland.
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showed a 10 kDa band of monomer and 20 and 21 kDa bands
corresponding to possible homo/heterodimers. These results
indicate that our antibodies are capable of speci®cally recognizing
each target S100 protein in mouse skin tissues.
S100A4 and S100A6 proteins are present in the bulge region
during hair cycle transition, but not in the proliferating or
embryonic hair germ Immunohistochemistry on mouse dorsal
skin tissues in various hair cycle transitional stages showed that both
S100 proteins A4 and A6 are present in speci®c subpopulations of
epithelial cells and in dermal condensations. S100A4 was expressed
in the bulge region of the epithelial portion, the putative
compartment of follicular stem cells (Cotsarelis et al, 1990), during
the late catagen phase (catagen VII by the de®nition of Straile et al,
1961; Fig 3a). S100A6 protein was continuously distributed from
the innermost cell layer of the outer root sheath (ORS) to the bulge
area, but not in the degenerating cycling portion apical to the
ascending club hair (Fig 3b). Analysis of late catagen to telogen
follicles (18±19 dpc) suggested that S100A6 expression in the
innermost layer of the ORS preceded expression in the inner layer of
the epithelial sac. After the anagen phase (anagen II by the de®nition
of Chase et al, 1951), the S100A4 protein levels were maintained at
the ventral surface of the ®rst generation follicle, but were eliminated
in cells migrating down to the hair germ (Fig 3c). S100A6 protein
was distributed throughout regions of the epithelial sac but was lost
in the proliferating hair germ (Fig 3d). During the mid-anagen
phase (anagen IV), S100A4 expression was lost from almost all
follicular cells (Fig 3e), whereas S100A6 expression persisted in both
layers of the epithelial sac as new follicle generations developed and
extended to the innermost cell layer of the ORS (Fig 3f).
In order to examine whether S100A4 and S100A6 are
involved with embryonic follicular morphogenesis, their expres-
sion was assessed in skin sections from various developmental
stages using immunohistochemistry. In the epithelial portion,
both S100 proteins were absent from either the hair placode or
the embryonic germ (Fig 3g, h). Mesenchymal condensations
and postnatal condensed dermal papillae, however, expressed
both S100 proteins. This observation is consistent with a
previous report focused solely on S100A4 expression
(KlingelhoÈfer et al, 1997).
S100A4 and S100A6 mRNA levels were elevated in the
outer layer of the epithelial sac at the onset of follicle
regeneration Close inspection of protein expression in
prolonged second telogen phase follicles revealed that S100A4
distribution was restricted to the outer layer of the epithelial sac,
referred to as the presumptive bulge area (Fig 4a), whereas S100A6
protein was preferentially expressed in the inner layer (Fig 4b). In
situ hybridization showed that S100A4 mRNA, transcribed during
the previous late catagen phase (data not shown), was down-
regulated in the epithelial sac (Fig 4c), whereas S100A6 mRNA
was only detected in the inner layer (Fig 4d). These results indicate
that both mRNA levels, but not S100A4 protein levels, were
decreased in the bulge region of telogen follicles.
Further investigation of the initial stage of follicle reformation
required synchronized time course studies on mRNA levels after
clipping club hairs, as normal skin tissue rarely contains hair follicles
in the early stages of the anagen phase. Six hours after shaving, both
S100A4 and S100A6 mRNAs were upregulated in the outer layer of
the epithelial sac, and the S100A6 signal extended to the hair germ
(Fig 4e, f). After 24 h, BrdU-labeled cells appeared at the leading
edge of the hair germ. At the beginning of the anagen phase (anagen
I), S100A4 mRNA was attenuated in the outer layer of the sac
(Fig 4g). S100A6 mRNA was markedly decreased in BrdU-labeled
cells residing in the hair germ and the lower part of the outer
epithelial sac of the early second anagen follicle (anagen II, Fig 4h).
All follicles examined in the same hair cycle stage, even clipped
clubs, showed a similar S100 expression pattern, as summarized in
Fig 5.
Plucking induced S100A6 expression in the hair germ at the
onset of a new hair cycle We next examined pelage follicle
tissue after plucking club hairs. Club hairs were plucked in order to
induce follicular regeneration without concomitant migration of
bulge cell daughters (Morris and Potten, 1999). Normally, plucking
removes the inner layer of the epithelial sac, leaving its outer layer
and the hair germ (Silver et al, 1969). After 6 h, most cells in the
residual outer cellular layer shrank and underwent massive cell
death as determined by hematoxylin staining (Fig 6a) and intense
TUNEL staining (Fig 6b). S100A6 mRNA was induced in the
upper region of the hair germ (Fig 6c). After 24 h, S100A6 was
strongly expressed in the hair germ and in discontinuously localized
ORS cells around the sebaceous gland, but not in proliferating cells
possessing BrdU-labeled nuclei (anagen I; Fig 6d). Expression was
maintained in the bulge region by completion of its reconstruction
approximately 48 h later (anagen II; Fig 6e). S100A4 mRNA
signal was not found in the epithelial portion at any time point
examined (data not shown). The expression pro®le of S100
mRNAs in plucked follicles is illustrated in Fig 7.
Wounding stimuli induced S100A4 and S100A6 expression
prior to follicle renewal To elucidate whether S100A4 and
S100A6 genes are involved in hair growth due to mechanical trauma
(Ghadially, 1958), we examined mouse dorsal skin tissues punched
during the telogen phase. Observations around the skin incision
region revealed that S100A4 was transiently transcribed in the bulge
area 6 h post-trauma (Fig 8a), whereas S100A6 mRNA was
induced in the basal layer of the epidermis and all regions of the
ORS extending to the hair germ (Fig 8b). At 24 h, S100A6 mRNA
levels were elevated both in the basal layer of the epidermis and
throughout the ORS (Fig 8c). Up to 48 h later, transcription levels
were sustained in the epithelial sac but had decreased in other
epidermal regions. A large number of BrdU-labeled cells were found
in the thickened epidermis due to hyper-proliferation (Fig 8d).
Following induction of both S100 genes, the resting follicles entered
the growing phase (Fig 8e). The S100 expression pro®le during
follicle rejuvenation upon wounding stimuli is delineated in Fig 9.
DISCUSSION
This study has focused on the expression of S100A4 and S100A6 in
the bulge area and the hair germ of hair follicles. Among the
Figure 2. Transcripts and translation products of S100 genes A4
and A6 extracted from skin tissue. (a) Northern blot analyses. Total
RNA from mouse skin (2 mg) was size-separated on 1.2% agarose gel
containing 0.4 M formaldehyde, and transferred to a nylon membrane.
Blots were hybridized with cRNA probes to either S100A4 (left lane) or
S100A6 (right lane). (b) Western blot analyses. Protein extract of mouse
whole skin (100 mg in left lane; 20 mg in right lane) was separated on
16.5% Tricine-SDS-PAGE. S100 proteins A4 and A6 transferred onto a
polyvinylidene di¯uoride membrane were detected with speci®c
antibodies raised against each peptide antigen. d, dimer; m, monomer.
Relative positions of molecular weight makers are shown on the left.
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pleiotropic functions previously proposed for these S100 genes, our
expression studies have reconciled their association with migration
and proliferation of the follicular stem cells. Furthermore, our
results demonstrate that the hair germ is alternatively able to initiate
follicle induction without the concomitant bulge area.
S100A4 is associated with transformation of the follicular
stem cell compartment Tissue remodeling is an essential
process during any regenerative organogenesis. Translocation of the
bulge region is a crucial event leading to hair follicle regeneration.
S100A4 is a calcium-binding protein capable of conferring motile
Figure 3. Distribution of S100A4 and S100A6
proteins during hair cycle transition and
follicle morphogenesis. Immunohistochemistry
was performed with antibodies for S100 proteins
A4 and A6 on mouse dorsal skin tissues at various
stages of postnatal hair cycles and embryonic
morphogenesis. At catagen phase (18 dpp),
S100A4 staining is seen in the bulge region at the
insertion site of the arrector pili (a), and
continuous S100A6 staining is observed from the
innermost cell layer of the ORS to the bulge area
(b). In an early anagen follicle (20 dpp), S100A4
staining is seen in the ventral region of the sac (c).
S100A6 staining is extended over the epithelial sac
regions, but is attenuated in the proliferating hair
germ (d). Most follicular cells in the mid-anagen
phase (24 dpp) lose S100A4 staining (e), whereas
S100A6 staining persists in both layers of the sac
supporting the club and extending to the
innermost cell layer of the ORS through the next
follicle generation (f). Neither S100A4 (g) nor
S100A6 (h) staining is seen in the epithelial part of
the embryonic hair germ (16.5 dpc). Both
proteins are present in dermal condensation.
APM, arrector pili muscle; Bu, bulge; DP, dermal
papilla; I, inner cellular layer of epithelial sac; O,
outer cellular layer of epithelial sac. Scale bar: (a±e,
g, h) 100 mm; (f) 200 mm.
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and invasive activities to various cell types (Lloyd et al, 1998). In
this study, we found that S100A4 protein appeared in the bulge
from the late catagen phase (Fig 3a). S100A4 mRNA expression in
the outer epithelial sac (i.e., the layered bulge region) ceased during
the long second telogen phase (Fig 4c), but the protein levels were
maintained (Fig 4a). This might indicate that supplementary
transcriptions were unnecessary in the slow-cycling bulge cells
once adequate protein levels had been established. S100A4 mRNA
expression was reinitiated during the telogen to anagen transitional
period (Fig 4e), probably corresponding to the activation of bulge
cells prior to entering the anagen phase (Wilson et al, 1994).
S100A4 protein distribution in the ventral surface of the ®rst
generation follicle warrants closer examination as follicular slow
cycling cells are postulated to reside in this region (Fig 3c; Morris
and Potten, 1999). S100A4 presents a speci®c expression pro®le
overlying the putative location of slow cycling cells at each hair
cycle stage (Fig 5), compared with those for previously reported
markers of the bulge, such as cytokeratins 15 and 19 (Michel et al,
1996; Lyle et al, 1998).
Cell adhesion molecules and the degradation of extracellular
matrix components are considered to collaborate during follicle
tissue remodeling. E-cadherin and tissue inhibitors of metallopro-
teinase are expressed in the follicular epithelial portion (Kawabe et
al, 1991; MuÈller-RoÈver et al, 1999). S100A4 might inversely
regulate these expressions, as previously reported with cancer cells
(Merzak et al, 1994; Keirsebilck et al, 1998). Some cells residing in
the hair germ are believed to be derived from the bulge during the
early anagen phase because they are morphologically similar to
bulge cells (Cotsarelis et al, 1990) and label-retaining bulge cells are
incorporated into the hair germ (Taylor et al, 2000). The follicular
stem cell compartment, in which E-cadherin downregulated
(Akiyama et al, 2000), is thought to undergo changes during the
onset of regrowth that enable individual stem cells to be rapidly
mobilized (Fuchs and Segre, 2000). Our results suggest that the loss
Figure 5. Summarized expression pro®le of
S100A4 and S100A6 mRNAs during
spontaneous follicle regeneration. A diagram
of the S100A4 and S100A6 mRNA expression
pro®les. As cell division rarely occurs in the bulge
region and dermal papilla, translation products of
S100A4 and S100A6 mRNAs, which previously
transcribed during the catagen phase, persist
throughout the following telogen phase. Thus,
this mRNA expression pro®le is compatible with
the protein distribution shown in Figs 3 and 4.
Note that clipped follicles show a similar
expression pattern.
Figure 4. Expression of S100A4 and S100A6 in the epithelial sac at the onset of follicle regeneration. Prolonged telogen follicle sections (56
dpp) were subjected to immunohistochemistry and in situ hybridization. Anti-S100A4 antibody staining is restricted to the outer layer of the epithelial
sac (a), whereas anti-S100A6 antibody staining is preferentially seen in the inner layer (b). Insets show cross-sections. In situ hybridization with antisense
probe to S100A4 showed very faint staining (c). Staining with antisense probe to S100A6 was con®ned to the inner layer of the epithelial sac (d). In situ
hybridization of clipped follicle sections at 6 h after shaving showed the S100A4 mRNA signal in the outer layer of the sac (e), whereas S100A6 signal
is found in both layers and the upper region of the hair germ (f). Note the apparent S100A4 mRNA induction in the bulge region at the beginning of
the anagen phase. In situ hybridization combined with BrdU immunohistochemistry was performed. BrdU-labeled nuclei are observed in the hair germ,
and S100A4 mRNA expression has almost ceased in the outer layer of the sac 24 h after shaving (g). S100A6 mRNA is lost from BrdU-labeled cells in
the early second anagen follicle (20 dpc, h). Bu, bulge; DP, dermal papilla; HG, hair germ. Scale bar: 50 mm.
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of S100A4 protein might correspond to such adhesion property
changes in the outer epithelial sac region at the beginning of the
anagen phase.
S100A6 participates in cell cycle withdrawal of the follicular
stem cells Slow cycling stem cells are postulated to produce
germ cells with considerable proliferative potential during the early
anagen phase, and then give rise to matrix cells with more limited
potential (Lavker et al, 1993). Expression of S100A6 mRNA has
been reported to increase when several types of growth-arrested
cells are stimulated by serum or growth factors (Calabretta et al,
1986). In this study, we have paid close attention to S100A6
expression in the epithelial sac regions during speci®c follicular
developmental stages (Figs 3, 4).
Cells in the resting hair germ are postulated to reside in the G0 or
G1 phases and enter the S phase from the anagen phase onward
(Silver and Chase, 1970). BrdU-labeling experiments showed that
mitotic activation occurred in the epithelial sac regions during the
telogen to anagen transitional period (Fig 4). S100A6 protein was
initially identi®ed as a G1-speci®c inducible gene (Hirschhorn et al,
1984). Our results consistently showed S100A6 mRNA expression
prior to the ®rst appearance of BrdU-labeled follicular stem cell
daughters. After the anagen phase, the hair germ entered the S
phase and S100A6 expression declined in the lower portion of the
outer epithelial sac (Fig 4h). Absence of S100A6 expression in both
stationary and proliferating hair matrix cells suggests that S100A6 is
irrelevant to proliferation of the previously activated follicular
epithelium. S100A6 might be important for the activation (i.e., the
G0±G1 transitional phase) of slow cycling stem cells. Considering
the signi®cant Zn2+ binding property of S100A6 (Kordowska et al,
Figure 6. Plucking-induced follicle regenera-
tion commenced from S100A6 expression in
the hair germ. Six hours after plucking, mouse
dorsal skin tissues were subjected to hematoxylin±
eosin staining (a), and TUNEL detection of
apoptotic cell death (b). Most cells in the outer
layer of the epithelial sac are TUNEL-positive.
Skin tissues excised at 6 h (c), 24 h (d), and 48 h
(e) after plucking were subjected to combined
S100A6 in situ hybridization/BrdU immuno-
histochemistry. S100A6 mRNA staining is seen in
the upper region of the hair germ at 6 h. During
24±48 h, the BrdU-labeled cells are observed at
the proximal location to the S100A6 mRNA
signals in the reconstructing bulge region. Bu,
bulge; DP, dermal papilla; HG, hair germ. Scale
bar: 100 mm.
Figure 7. Optional follicle induction mechanism revealed by
plucking. The expression pro®le shown is based on the distribution of
mRNAs for S100A4 and S100A6 following induction by plucking.
Figure 8. Follicle renewal caused by skin incision is correlated
with S100A4 and S100A6 expressions in the epithelial sac. In situ
hybridization shows the appearance of mRNA signals for S100A4 (a) and
S100A6 (b) in the regions of the epithelial sac at 6 h after skin incisions.
Injured skin tissues after 24 h (c) and 48 h (d) were subjected to
combined in situ hybridization for S100A6/immunohistochemistry for
BrdU. Numerous BrdU-labeled nuclei are present throughout the ORS
and the basal layer of the epidermis, which were preceded by intense
staining for S100A6 mRNA. (e) Hematoxylin±eosin staining of skin
tissue contains regenerating hair follicles 7 d later. Note that anagen
follicles in advanced stages are observed in regions closer to the skin
incision. Arrows indicate the incisions. Arrowheads indicate newly
generated hair bulbs. Bu, bulge; HG, hair germ; SG, sebaceous gland.
Scale bar: (a±d) 100 mm; (e) 200 mm.
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1998), this calcium-binding protein may participate in certain
Ca2+- or Zn2+-dependent events during cell cycle withdrawal.
Plucked follicles induce the anagen phase without bulge
region cooperation As shown in Fig 6b, most cells remaining
in the outer layer of the epithelial sac after the follicle has been
plucked are apoptotic. This suggests that plucking may disrupt the
spontaneous inductive mechanism for regrowth (i.e., the bulge
region cooperation). S100A6 mRNA signal was only induced in
the upper region of the remaining hair germ (Fig 6c). Considering
that the hair germ is discontinuous with the functional bulge region
following plucking, even after the onset of anagen phase (Fig 6d),
substitutive epithelial populations residing in the hair germ may be
responsible for the onset of follicle reformation under these
conditions, as shown in Fig 7.
The reconstruction of the disrupted bulge region was completed
after induction of the next follicle generation (Fig 6e). Previous
observations of label-retaining cells in the reconstructed bulge area
by Morris and Potten (1999) suggested that some slow cycling
bulge cells could have escaped damage by plucking. They proposed
that the bulge cells may not migrate into the hair germ, based on
the locations of highly persistent label-retaining cells. Taken
together these results suggest that the bulge region is not essential
for the onset of follicle induction, even though restored bulge cells
might be imparted to the hair bulb after the onset of anagen phase
normally.
In¯ammation is a follicle inductive signal via induction of
S100 expression Induction of S100A6 mRNA upon epithelial
injury has previously been identi®ed with other regenerative tissues
such as the cornea and kidney, and postulated to take part in the cell
growth regulation mechanism during wound healing and
restoration (Bazan et al, 1992; Lewington et al, 1997). In this
study, we found that S100A6 mRNA was induced in the basal layer
of the epidermis and in the ORS around the skin incision. Maximal
mRNA levels were observed prior to BrdU incorporation
(compare Fig 8c with 8d). BrdU-labeled cells were exceptionally
infrequent throughout the S100A6 expressing region of the
epithelial sac. This may indicate that ORS keratinocytes, im-
parted to the wound epidermis (Taylor et al, 2000), stemmed from
the activated bulge region. These results suggest that S100A6
participates in the initial step of skin tissue re-epithelialization. The
S100A6 gene should be further investigated in regenerative tissues
to assess the physiologic function of this calcium-binding protein.
Although mechanical trauma is widely accepted to induce hair
growth (Ghadially, 1958), the mechanism of follicle induction due
to wounding stimuli has yet to be clari®ed. Our observations
revealed that both S100A4 and S100A6 genes were expressed in
regions of the epithelial sac around the skin lesion (Fig 8a, b), as
well as in spontaneously occurring follicle induction. Once the hair
germ and the bulge area were activated to express S100 genes, the
telogen follicle entered the anagen phase (Fig 8e). These results
suggest that the bulge region, unless injured, is induced to
rejuvenate the follicle in response to wounding stimuli.
Modi®cation of the epithelial sac causes follicle
regeneration Mature hair regrowth is generally explained as a
recurring embryonic morphogenesis (Paus and Cotsarelis, 1999),
but to what extent the developmental context is adaptable for the
regeneration process is largely unknown. Discrete morphologic
components of the epithelium, the bulge, and the hair germ are
most probably concerned with the spontaneous initiation of each
new hair cycle, whereas only the embryonic germ is needed for hair
follicle morphogenesis. Gene expression studies of the epithelial sac
regions may lead to advances in our understanding of the onset
program particular to this discontinuously renewing system.
In this study, we have shown that the S100 proteins A4 and A6,
both absent from the embryonic germ (Fig 3g, h), are expressed in
the epithelial sac. Message expressions of these S100 genes herald
postnatal follicle rejuvenation. Even though the bulge area was
injured after plucking, S100A6 expression was induced in the
resting hair germ at the onset of follicle regeneration. Thus, we
propose that epithelial modi®cation concomitant with S100
expression is required to initiate a new hair cycle prior to
epithelial±mesenchymal interactions. Further study is required to
fully reveal the molecular basis of follicular stem cell activation.
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